Abstract-Reluctance motors are generally employed in synthetic fibre industry, glass making machinery and textile industry where the speed is almost constant. The power factor and efficiency of reluctance motor ranges between 0.35 to 0.5 and 55 % to 75% respectively. The product of power factor and efficiency is between 0.25 and 0.32. An attempt is made in this paper to improve the efficiency and power factor of reluctance motor. A 3 kW, 415V, 1500 rpm, Double Winding Synchronous Reluctance Motor (DWSyRM) has been designed, fabricated and tested. The stator consists of two sets of three phase winding in the same core. Saliency is made in the squirrel cage rotor by removing the set of rotor teeth alternatively. When a three phase supply is given to the stator winding, a revolving magnetic field of constant magnitude is developed in the air gap. Rotor poles are pulled into synchronism by reluctance torque. Out of two windings in the stator, one winding is used to meet the mechanical load while a three phase emf induced in the second winding works as an Induction alternator (IA), to which a single phase or small three phase load can be connected. Since the machine runs at synchronous speed the terminal voltage at the secondary winding is almost maintained at a constant. Both the windings can be loaded simultaneously. Machine has to be operated at its maximum capacity for the given no load losses, to achieve better efficiency. Load tests with various combinations of electrical and mechanical loads have been conducted. Experiment results prove the improvement in the efficiency and power factor to a great extent compared to Reluctance motor.
I. INTRODUCTION
The efficiency and power factor are the important targets to be reached in both industrial and commercial applications of electric drives. There are various methods to improve and optimize the efficiency of induction motor. Optimal control is the one of the techniques to obtain optimum efficiency which covers the broad approaches namely, loss model control (LMC) and search control (SC). Optimal design covers the design modifications of materials and construction in order to optimize efficiency of the motor and differential evolution are some techniques to optimize the efficiency [1] . In the conventional induction motor, only single output is available. The efficiency and power factor of the induction motor is depending on the load torque. Normally over rated motors are employed due to factor of safety and design specifications, and hence, induction motors are operated lower than their rated capacity. DWIM is developed to overcome the drawbacks of conventional induction motor in which two outputs are available. DWIM can be operated either in maximum efficiency mode or power balancing mode by using appropriate control circuit [19] . There is a voltage drop in the second stator winding due to the reduction in speed when the motor is loaded and this leads to poor voltage regulation. In order to improve the performance of DWIM, a new Double Winding Synchronous Reluctance Motor (DWSyRM) is suggested in this paper and the main motivation for this paper is to improve the efficiency and power factor of Double Winding Synchronous Reluctance Motor (DWSyRM). Double winding induction machine consists of two stator windings and a cage rotor. One stator winding acts as a motor and the other as a generator. By controlling the voltage supplied to the secondary or the generator winding, the rotor speed can be adjusted. The machine has a similar speed control characteristics to that of a slip-ring induction motor equipped with the rotor energy recovery scheme [20] . Introduction of double winding induction machine was suggested and implemented in the year 1930 for turbine alternators. In a Double Winding Induction Motor, When one of the windings is connected to a three phase supply, a revolving magnetic filed of constant magnitude is developed in the air gap. The same filed is utilized by both the stator windings to work as induction motor to meet mechanical load while, a three phase EMF is induced in the second set of winding [4] .
The occurrence of circulating harmonic current common to traditional dual stator machine is completely eliminated by the dissimilar number of pole winding. The two stator windings can have different number of poles. Power is supplied to the two windings by two separate variable frequency inverter drives to provide two independently controllable torque components. At low speeds, the power supplied to one of the windings can produce torque which opposes the torque from the power applied to the other winding, so that very low speed and standstill operation can be achieved. At higher operating speeds, power is supplied to both the windings, so that the torques from the two windings is added up [5] . Dual stator induction motor suggested for energy conservation consists of two sets of RUN windings. The main RUN winding is energized to have sufficient MMF in order to produce sufficient magnetic flux and to operate the motor at light loads with good power factor. When the
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High dynamic torque regulation and efficiency optimization of the synchronous reluctance motor (SynRM) can be obtained using a nonlinear controller with input-output feedback linearization. Since nonlinear controller directly regulates the torque by selecting the product of d-and q-axes torque currents as one of the output variables, the nonlinear and cross-coupling torque of d-and q-axes currents and the terminal currents can be eliminated [11] . The performance of IPMSM, SynRM and IM are compared. It was found that the IPMSM (Interior Permanent Magnet Synchronous Motor) was superior in terms of efficiency and SynRM costs the lowest and its efficiency was higher than a typical IM because of its rotor copper losses [13] . A stator-flux-oriented control scheme can be used in a synchronous machine without a position sensor at medium and high electrical frequencies. For a given speed and torque, power losses in the machine are given as a function of stator flux. The optimal flux value can be found by using a one-dimensional optimization algorithm. By means of vector torque controller, the machine can be operated to achieve maximum efficiency over a wide range of power and rotational speed [14] .
From the above discussions, the availability of several of types of Synchronous Reluctance Motors and their speed control methods are learnt. Double winding induction motors are popular for energy conservation and speed control applications. In this paper, the main motivation is to improve the efficiency and power factor of DWSyRM by its design modification and efficient operation.
II. MACHINE MODEL
The DWSyRM consists of a stator with two sets of identical windings and a cage rotor. The optimum design of an induction motor can be suggested using simulated annealing algorithm considering the starting torque, efficiency and power factor. A nonlinear multivariable programming has been formulated to meet the above requirements [10] .
A. Representation of the Proposed Scheme
The stator windings of a double winding induction motor can be arranged with different shift angles between them. In double winding induction motor, shift angle of 60 degrees or zero degrees are the best choice [6] . In the proposed model, to obtain optimum utilization, both the windings are placed with zero degree phase angle displacement between them. As a proof for the discussion, a 3kW, 415V, 4-pole, 3-phase Squirrel Cage Double Winding Synchronous Reluctance Motor has been designed, fabricated and tested. Representation of Double Winding Synchronous Reluctance Motor is shown in Figure. 1.
B. Design Considerations
The main feature of a segmented type synchronous reluctance motor is the flux barrier. The d, q inductance difference and saliency ratio are identified as they are related to torque and power factor [2] . The design of the Double Winding Synchronous Reluctance motor is affected by various constraints such as thermal limit, overload capacity and utility of stator slots. The energy conserving double winding Synchronous Reluctance motor is ideal to be used for low power operations due to the limitation in thermal insulation value. The value of air gap flux density is large, which determines large overload capacity. The use of semi-enclosed slots results in silent operation. Slot utility factor for the designed DWSyRM motor is about 43.3% where as for conventional induction motor, it is about 25%. L/τ ratio of designed machine is approximately unity. 
III. EXPERIMENTAL INVESTIGATIONS
The various direct and indirect methods of testing of induction motor are available. Numerical method analysis using the current and flux density waveforms is the one of the methods to calculate iron losses of an electric machine. This method of calculation is based on finite element analysis and is suitable for any synchronous and DC machines [3] . Efficiency of a synchronous machine over its wide range of operation can be improved by compensating the core loss currents. Control scheme using a vector controller is used to compensate core loss currents of the machine. Inductance ripple in the machine is estimated and incorporated in a machine model using sing a direct torque ripple measurements [7] . Synthetic loading technique is an another method of rapid full load efficiency evaluation of three phase induction motors by using the digital signal processor (DSP) controlled high switching frequency power electronic inverter which synthetically loads the induction machine without the need to connect a load to the shaft. This method can also directly quantify rotational losses of the induction motor under test [9] .In order to operate the synchronous reluctance machine at very high speeds, bonded sections of ferromagnetic and nonmagnetic steel core are provided in the rotor section. Finite-element code has been developed in MATLAB which measures the steady-state eddy currents and losses in the rotor. In this machine, an efficiency of 91% at a 10-kW 10 000-r/min operating point, and rotor losses less than 0.5% of input power can be obtained [12] . The Reluctance machine performance is investigated using the d-q rotor reference frame equations derived in space-vector model obtained by applying the concept of winding functions. Core loss and saturation components are also considered for the dynamic model. Out of two windings, one winding is connected to the supply and the other fed with a balanced capacitor. In this machine, the developed torque is superior to a brushless doubly-fed reluctance machine [16] . A mathematical model of the SynRM with core loss component has been developed. In order to obtain maximum efficiency, a grey sliding mode controller is used to reject the uncertain bounded disturbances and parameter variations. The grey sliding mode controller is implemented using dSPACE DS1102 processor board [17] . The saliency of a synchronous reluctance motor can be improved with a slit rotor. The stator teeth are divided and are made of powder magnetic core. In the rotor, stainless sheets are inserted along with soft magnetic metal sheets with adhesive to strengthen the rotors and thereby saliency ratio is improved. Power factor about 0.78 and torque of 1.6 times the conventional motor can be achieved [15] . Optimum efficiency operation of a synchronous reluctance motor can be made possible by minimizing the losses considering both voltage and current constraints. A high-performance current control scheme is suggested using the simulated currents in which the current sensors are eliminated [18] . Experimental set up for conducting the various testing is shown in the Figure. The following testing arrangements are used for testing the DWSyRM.
1) Conventional Mechanical load test: Using brake drum arrangement, load test has been carried out in both the windings considering each winding separately to analyze the performance of the machine.
2) Mechanical and Electrical load test: Mechanical load is applied by means of a brake drum arrangement and an electrical load is applied using three phase loading rheostat in the second set of stator winding.
In order to study the performance of the designed DWSyRM, testing was carried out with the various combinations of electrical and mechanical loads. The following tables show the details of observation. 
A. Energy Conservation
The power factor and efficiency of reluctance motor ranges between 0.35 to 0.5 and 55 % to 75 % respectively. In the proposed DWSyRM machine, since two stator windings are provided, the machine can be operated as a motor and generator. By adjusting the electrical load in the second winding the power factor and efficiency are improved. The electrical load connected to the second winding is not depending on separate supply and hence energy conservation is possible in this type of machine.
IV. OBSERVATIONS AND ANALYSIS
Out of two stator windings of DWSyRM, one set of winding is connected to a three phase supply, where the machine works as a Synchronous Reluctance Motor, while a three phase EMF is induced in the other set of winding and acts as an Induction Alternator. Table 1 refers to the reading observed during the conventional brake test considering only one set of winding, while other set of winding is left unconnected to any load. The maximum efficiency observed in this test is 64.2% and the maximum power factor is 0.56 for the load current of 5.5 A. For the same load current, when electrical load is connected to the second set of winding, efficiency and power factor of the machine gradually improves. The details of improvement are presented in the Table X, it is observed that for the same load current of 5.5 A, the efficiency and power factor are improved by 15.6% and 0.38 by the efficient operation of DWSyRM. The observed reading for the various combinations of electrical and mechanical load are shown in the Tables III -V Figure 18 shows the efficiency comparison for the various electrical loads on the second set of winding.
V. CONCLUSION
A 3 kW, 3-phase, 4-pole, 1500 rpm, 415 V Double Winding Synchronous Reluctance motor has been designed and tested. When the machine is operated as conventional Synchronous reluctance motor, the maximum efficiency and power factor are 79.7% and 0.79. When an electrical load is connected in the second winding, the efficiency and power factor are improved to 82.5% and 0.99. By utilizing the electrical output from the second set of winding, dependency on separate supply to the connected load to this winding is reduced. The Double Winding Synchronous Reluctance Motor can be employed, where the induction motors run continuously like in textile industries and manufacturing units. The output power from the second winding can be used for charging the UPS system and supplying lighting loads.
